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Abstract
Quantum mechanics postulates that any measurement influences the state of the investigated
system. Here, by means of angle-, spin-, and time-resolved photoemission experiments and ab initio
calculations we demonstrate how non-equal depopulation of the Dirac cone (DC) states with oppo-
site momenta in V-doped and pristine topological insulators (TIs) created by a photoexcitation by
linearly polarized synchrotron radiation (SR) is followed by the hole-generated uncompensated spin
accumulation and the SR-induced magnetization via the spin-torque effect. We show that the pho-
toexcitation of the DC is asymmetric, that it varies with the photon energy, and that it practically
does not change during the relaxation. We find a relation between the photoexcitation asymmetry,
the generated spin accumulation and the induced spin polarization of the DC and V 3d states. Ex-
perimentally the SR-generated in-plane and out-of-plane magnetization is confirmed by the k‖-shift
of the DC position and by the splitting of the states at the Dirac point even above the Curie tem-
perature. Theoretical predictions and estimations of the measurable physical quantities substantiate
the experimental results.
The photoexcitation by laser or synchrotron radiation is accompanied by a depopulation of the
initial states, which influences the electronic structure observed in photoemission (PE) measurements.
In materials with helical spin structure (for instance, topological insulators (TIs) [1, 2, 3, 4]) the imbalance
in photoexcitation of the DC states with opposite momenta created, for instance, by circularly polarized
laser or SR can be effectively used for the generation of the surface spin-polarized currents that depend on
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the helicity of the radiation polarization [5, 6, 7, 8, 9, 10]. Similar to the case of an electric field applied in
the surface plane [11, 12, 13], this can induce a magnetization in ferromagnetic TIs [8, 14]. The induced
magnetic moment opens a gap at the Dirac point (DP) due to Time Reversal Symmetry (TRS) breaking
providing a platform for the realization of unique quantum phenomena such as quantized magneto-
electric effect [15, 16, 17] and quantum anomalous Hall effect [18, 19, 20] at elevated temperatures
under light excitation. Although, the possibility of induced (and controlled) magnetization by linearly
polarized SR has not been studied yet, the generation of spin-polarized current was noted recently
[7, 8, 9, 1]. The present work aims to investigate a possibility of such SR-induced in-plane and out-of-
plane magnetization in FM-doped and pristine TIs by linearly polarized SR. We relate this phenomenon
to an asymmetry in the depopulation of the DC states with opposite momenta, which leads to a hole-
generated uncompensated spin accumulation. The possibility of a long-living electron-hole separation
between the excited electrons and generated holes (related to a reduced electron-phonon interaction
at the surface [21, 22]) is confirmed by a series of time-resolved laser experiments (see, for instance,
[23, 21, 22, 24]). The holes generated at the topological surface states (TSSs) are compensated by a drift
of electrons from the TSSs out of the beam spot via long-time two-dimensional relaxation process [21].
In the case of a different probability of the photoexcitation of electrons from the DC states with opposite
momenta, the uncompensated spin accumulation and the zero-bias spin-polarized photocurrent occur,
as in Refs. [8, 9, 14], which can lead to induced magnetization similar to the case discussed in Ref. [25]
for the (Ga,Mn)As ferromagnetic semiconductor.
The issue of SR-generated spin accumulation is strongly related to the TSS spin texture and to the
asymmetry of the photoexcitation of the TSSs with opposite spin orientation. In Refs. [26, 27], it
was shown that a total spin texture of TSSs includes not only contributions of the pz-orbitals, but also
of the px- and py-orbitals related to the radial and tangential components in the spin-orbital texture,
which significantly modifies the spin texture of the TSSs probed by photoemission. Total spin structure
in PE spectra depends on the sum of all contributions determined by optical selection rules, quantum
interference and SR incident angle [28, 29, 30]. Due to variation of kz with photon energy all px,y,z com-
ponents “oscillate” with different phases. The non-trivial character of TSS spin texture is confirmed by
spin-resolved photoemission both via theoretical analysis [31, 28, 29, 32, 33, 27, 30] and via experimental
measurements [27, 28, 29, 30] using different polarization of SR [31, 34, 28, 29] and manifests itself in
significant modification of the spin polarization of photoelectrons with photon energy [31, 28, 29, 32].
The oblique incidence of SR breaks the symmetry of the angular distribution of the photocurrent, and
the different photoemission intensity at k‖ and −k‖ [28, 27] can be a source of the SR-generated un-
compensated spin accumulation and an induced magnetization. This problem is especially important
for magnetically-doped TIs because the DP gap opening due to the TRS breaking, its value and origin
(magnetization- or hybridization-derived) are being actively discussed, see, for instance, Ref. [35]. How-
ever, without a proper analysis of the influence of the non-equal depopulation of the TSSs on a possible
induced magnetization during ARPES and SARPES measurements such questions cannot be answered.
In the present work we study the PE intensity asymmetry of the DC states and connect it with
the SR-generated asymmetric k‖-distribution of the holes and the resulting spin accumulation leading a
local induced magnetization via spin-torque effect. The first part of the work aims to clarify how the
photoexcitation by a linearly polarized SR influences the DC states intensity distribution in the ARPES
intensity maps and how it varies with photon energy. In the second part we analyze how the imbalance
in the depopulation of the TSSs in V-doped TI and the corresponding SR-generated uncompensated
spin accumulation result in an induced in-plane and out-of-plane polarization of TSSs and the V 3d-ions.
Then, the laser pump-probe experiment allows us to conclude that the imbalance in the depopulation
of the TSSs is practically not changed during the relaxation, and the SR-induced magnetization can be
estimated in rough approximation using the TSS intensity asymmetry in PE spectra.
Asymmetry in the intensity of the DC states vs photon energy
In this work we study a series of pristine and V-doped TIs with fractional stoichiometry based on
Bi2Te2Se with inclusion of different Sb-concentrations. They have a wide insulating energy gap with the
DP inside the bulk gap [36, 37] and an enhanced surface contribution to the spin transport [38], which
is important for spintronics applications.
Figures 1(a,b,c) show the photon energy dependence of the TSS ARPES energy-momentum intensity
maps measured along the ΓK direction of the surface Brillouin zone using linearly p-polarized SR for
pristine and for magnetically-doped TIs with the following stoichiometries: (a) Bi1.37Sb0.5Te1.8 Se1.2,
(b) Bi2Te2Se, and (c) Bi1.37V0.03Sb0.6Te2Se. In Fig. 1(g), the ARPES dispersions measured along the
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ΓM direction for Bi1.37Sb0.5Te1.8Se1.2 are shown for comparison. The geometry of the experiments is
schematically presented in Methods Fig. 8. For the presented experiments the Geometries 1 and 2 were
used with the analyzer entrance slit orientation along and perpendicular to the SR incidence plane. For
Geometry 1 two different photon incidence angles have been used: 73◦ (a) and 50◦ (b),(c) relative to the
surface normal (with measurements along ΓK ). The intensity maps for Bi1.5Sb0.5Te1.8Se1.2 along ΓM
, for Bi1.4Sb0.6Te2Se along ΓK and for Bi1.37V0.03Sb0.6Te2Se along ΓM are presented in Supplementary
Figs. 1S, 2S and 3S, respectively, with different orientation of the SR incidence plane. For Geometry 2,
the incidence angles was 45◦ (g) with measurements along ΓM , orthogonal to the SR incidence plane
(oriented along ΓK ). Below each ARPES intensity map the profiles of the TSS intensities are presented
for the constant-energy cut of the upper DC at the binding energy corresponding to a high intensity of
the TSSs, see white lines in the ARPES maps. In all the profiles the intensities at opposite k‖ points
are different. At some photon energies the intensity at positive k‖ is larger than at negative k‖, and at
other photon energies the relation is opposite. Figs. 1(d),(e),(f) collect all data measured for different
TIs and demonstrate the photon energy dependence of the asymmetry in the intensity of the opposite
TSS branches. The TSS intensity asymmetries are characterized by the ratio
A =
I(−k‖)− I(k‖)
I(−k‖) + I(k‖) , (1)
measured at the energies marked by white horizontal lines. The asymmetry A oscillates with photon
energy both for pristine and for V-doped TIs.
In order to explain the observed k‖-distribution of the photocurrent and its variation with the photon
energy we have calculated ab initio the energy-momentum distribution of the photoemission intensity
from the DC of the stoichiometric compound Bi2Te2Se. The electronic structure of Bi2Te2Se [36] is quite
similar to that of the crystals with the fractional stoichiometry studied here. We use the one-step theory
of photoemission in the dipole approximation, so the photocurrent from the state |k‖ 〉 is proportional
to the transition probability |〈Φ | − i∇e|k‖ 〉|2 to the time-reversed low energy electron diffraction state
|Φ 〉 [39], where −i∇e is the momentum operator in the direction of the light polarization e. The final
state |Φ 〉 is calculated for the scattering of electrons on a semi-infinite crystal as explained in Ref. [40].
The inelastic scattering is included by adding a spatially constant imaginary part Vi = 1 eV to the
crystal potential. The crystal potential was obtained within the local density approximation with the
full-potential linear augmented plane wave method [41]. The initial states were calculated within a two-
component relativistic formalism [42] for a slab composed of 7 quintuple layers. Figs. 2(a-c) show the
k‖-distribution of the calculated photoemission intensity from the DC of Bi2Te2Se for the opposite ΓK
directions and Figs. 2(d-f) for the opposite ΓM directions. In both cases the p-polarized SR is incident
along ΓK (Geometry 1). The k‖-integrated intensities for ΓK and ΓM are shown in Fig. 2(g) and 2(h),
respectively. The corresponding asymmetry index for the light incident along k‖ is shown in Fig. 2(i)
and for the light incident perpendicular to k‖ (Geometry 2) in Fig. 2(j).
Note that when the light is incident along k‖ the difference between +k‖ and −k‖ is due to a linear
dichroism, and it strongly depends on the angle of incidence, see Fig. 2(i). In particular, along Γ¯K¯ the
opposite directions are equivalent owing to the C3v symmetry of the surface, and it is the light that
breaks the symmetry of the experiment. On the contrary, for the light incident perpendicular to k‖,
Fig. 2(j), the intensity asymmetry is due to the inequivalence of +k‖ and −k‖ along Γ¯M¯ . In that case
the photon energy dependences Ileft(hν) and Iright(hν) are very similar, see Fig. 2(h), and the intensity
asymmetry does not strongly depend on θ, see Fig. 2(j). The theory explains the experimentally observed
oscillations of the asymmetry index with the photon energy and relates them to energy variations of the
final state |Φ 〉.
Hole generation analysis and asymmetry variation during relax-
ation
Let us assume that at the used SR energies the excited spin-polarized photoelectrons escape to a consid-
erable degree into the vacuum. Then, the uncompensated spin accumulation generated by the different
photoexcitation rate of electrons with opposite momenta and its orientation are mainly determined by
the asymmetry in the concentration of the photo-holes in the opposite TSS branches. How to determine
this asymmetry? In the simplest approximation one can infer the photo-hole concentration asymmetry
and the related uncompensated spin accumulation from the asymmetry of the photocurrent from the DC
states.
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The second question is whether the asymmetry in the concentration of the photo-holes is preserved
during the relaxation process. To clarify this we carried out a time-resolved pump-probe laser exper-
iment, as in Refs. [23, 21, 22, 24]. The modification of the TSS intensity asymmetry measured for
Bi1.97V0.03Te2.4Se0.6 immediately after the photoexcitation (just under the laser pump pulse generation)
and during the relaxation of photoexcited electrons is presented in Fig. 3(a). The scheme and geometry
of the experiment [21, 24] are presented in Supplementary Fig. 4S. The probe pulse of hν = 5.9 eV was
linearly p-polarized. The pump pulse was s-polarized with hν=1.48 eV. Below each ARPES map the
intensity asymmetry profiles of the opposite DC branches are shown. These asymmetries were measured
at an energy near the bottom of the conduction band (CB) marked by the horizontal dashed lines. These
data show the time evolution of the intensity distribution of both the photoexcited electrons (above the
Fermi level) and the de-occupied DC states (below the Fermi level). The variation of the depletion of
the TSS intensity below the Fermi level can be an indicator of the hole generation and relaxation. One
can see that the TSS intensity asymmetry observed at the moment of the electron photoexcitation is
practically not changed during relaxation. The unchanged with time TSS asymmetry is observed also
for other energy cuts, see Supplementary Fig. 5S. It allows us to make a very important qualitative
conclusion that within this approximation the photo-hole generated asymmetry is not significantly tran-
sient with time. In other words, the asymmetry in the measured PE intensity of the TSSs with opposite
momenta can be used for a rough estimate of the induced uncompensated spin accumulation and the
related magnetization, as we discuss in detail in the next section.
Estimations of the in-plane and out-of-plane spin polarization
(magnetization) induced in V-doped and pristine TI by linearly
polarized SR
In the following we discuss the theoretical estimations of the magnetization induced by linear p-polarized
SR due to the generated uncompensated spin accumulation. First of all let us consider the symmetry of
the spin accumulation induced by linearly polarized SR. Taking into account that this effect is caused
by photoexcitation, the spin density ~˙S can be considered as quadratic by the field:
~˙S = BiklEkEl, (2)
where Bikl is a 3rd rank pseudotensor and Ek,l are the components of electric field. Following to
Refs. [43, 44] the Bi-based compounds are referred to the space group D53d(R3m). In the presence of a
[111] surface, the symmetry of the considered four-component complex compound can be reduced to C3,
and therefore Bikl is equal [45]:
Bikl =
 B11 −B11 0 B14 B15 −B22−B22 B22 0 B15 −B14 −B11
B31 B31 B33 0 0 0
 , (3)
where Biµ = Bikl (kl↔ µ = 1, ..., 6) are the coefficients determined by the material. Considering the SR
radiation as ~E = (E cosψ, 0, E sinψ)T , from the Eq. 3 it immediately follows that SR can excite both
the in-plane and out-of-plane uncompensated spin accumulation. Assuming that the linearly polarized
SR can be decomposed on right and left circularly polarized SR, which of them can depopulate mostly
one of the Dirac cone branches [14], the averaged uncompensated spin accumulation can be represented
empirically as δSx,z =
~
2 ξx,zPτA, where P is the probability of the electron photoexcitation per unit
time, τ is the decoherence time of the spins and ξx,z is an empirical constant. It should be noted
that Pτ is the steady-state concentration of the generated holes. In the simplest case of semiconductor
optical orientation ξ0x = sinψ and ξ
0
z = cosψ [46]. For simplicity, we assume that ξx,z = κx,zξ
0
x,z,
where κx,z ≈ 1. Assuming that the magnetization of electron sub-system induced by linearly polarized
SR can be estimated as mx,z = µBκx,zξ
0
x,zPτA, where µB is the Bohr magneton and A is the TSS
photoexcitation asymmetry (see also [14]).
In the case of the V-impurity subsystem, below the Curie temperature (T < TC) the total energy can
be represented as EV = −KU (mVz )2−(~mV · ~HSR) where KU is the constant of uniaxial anisotropy, mVz is
the z-axis component of the V-subsystem magnetization, ~HSR = HSR (κx sinψ, 0, κz cosψ)
T
is the field
acting on the V impurities from the SR induced magnetization, HSR =
a˜2
µB
JeV PτA, where a˜ = 4.24 A˙ is
the lattice constant typical of the studied TIs, JeV ≈ 0.3 eV [47, 48, 49] is the exchange constant, which
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describes the (s − d) interaction between the TSSs and the V-ion impurities system. In case (T > TC)
the energy minimization leads to the following expression for the V-subsystem magnetization:
~mV = gµBSNBS (gµBSHSR/T ) (sin η, 0, cos η)
T
, (4)
where g ≈ 2 is the g-factor, S = 3/2 is the spin of impurity ion, N is the averaged impurity concentration,
BS is the Brillouin function and η is slightly differs from ψ and sin η = κx sinψ/
√
κ2x sin
2 ψ + κ2z cos
2 ψ.
In case of (T < TC) we also have to consider anisotropy, but estimations proves that the anisotropy term
is significantly smaller than the SR term (see Supplementary Inform. for details), therefore, Eq. 4 is
valid with a good accuracy for all temperature range. The dependence of the in-plane component of the
total magnetization ~M = ~m+ ~mV (under experimental conditions ψ = 50
◦
and Pτ ≈ 3.5× 1013 cm−2)
on the in-plane asymmetry value (A) for different temperatures is represented on Fig. 4(a).
The complete electron Hamiltonian of the considered system including both electron-electron and
electron-vanadium interactions in the mean field approximation can be written as:
Hˆe = ~VD
[
~k × ~σ
]
~ez +
a˜2
µB
JeV
(
~mV · ~σ)+ a˜2
µB
U (~m · ~σ) , (5)
where VD ∼ 5.3 × 107 cm/s is the velocity taken from the TSS dispersion law, ~σ is the vector of Pauli
matrices and U ≈ 0.2 eV is the Hubbard parameter. The energy spectrum in this case has the following
form:
E = ±
√
~2V 2D|~k|2 + ∆2x + ∆2z − 2~VDky∆x, (6)
where
∆x =
a˜2
µB
JeVm
V
x +
a˜2
µB
Umx
∆z =
a˜2
µB
JeVm
V
z +
a˜2
µB
Umz
(7)
The resulting band structure modification under influence of the induced out-of-plane and in-plane
magnetization is shown in Fig. 4(b) (under experimental conditions noted above and the averaged value
of the asymmetry of A = 0.5 taken from Fig. 5(a)). The out-of-plane magnetization is accompanied by
the splitting of the DC states at the DP. The induced in-plane magnetization emerges in the k‖-shift of
the DC in the direction orthogonal to the induced magnetic field (or magnetization). (Analogous k‖-shift
is observed under external applied in-plane magnetic field [8, 50, 51]). Corresponding calculated temper-
ature dependence of the DP-gap value and the k‖-shift of the DP position in the direction orthogonal to
the magnetization are presented in Figs. 4(c,d) (see the discussion below).
Experimental confirmation of the induced in-plane magnetization
As an experimental evidence of the SR-induced in-plane magnetization, Fig. 5 demonstrates a correlation
between the modification of the experimental intensity maps of the upper DC states close to the Fermi
level (line 5(a)) and the (kx, ky)-shift of the DP position induced by the in-plane magnetic field generated
by SR with linear p- and opposite circular polarizations (line 5(b)), which is expected in accordance with
Fig. 4(b). The incident direction of SR corresponds to the vertical line. For each of the DC energy
cuts (Fig. 5(a)) the TSS intensity profiles in the kx, ky-directions are presented, in the bottom and right
graphs, respectively. These profiles clearly demonstrate a pronounced modulation of the intensity of the
DC states intensity and their asymmetry both along and orthogonally to the SR incidence plane. The
maps were measured with hν = 28 eV for Bi1.37V0.03Sb0.6Te2Se kept at the temperature of 55K. The DP
positions (Fig. 5(b)) were estimated from the maximal intensity of the TSS in kx and ky, see the profiles
at the bottom and on the right side of the maps cut at the DP. The different depopulation of the opposite
DC states under photoexcitation with different polarization of SR is well visible in Fig. 5(a), and it leads
to the (kx, ky)-shift of the DC according to the direction of induced magnetic field, which is determined
by the asymmetry in the TSS intensity. The direction of the uncompensated spin accumulation and of
the induced in-plane magnetic field are determined by the direction where the TSS intensity asymmetry
is oriented and by the details of the spin texture [26, 27, 28]. The relation between the experimental TSS
intensity asymmetry (A), the direction of the induced magnetic field (M) generated by uncompensated
spin accumulation (S) in correspondence to spin texture and direction of the DP position (kx, ky)-shift
is schematically shown in Fig. 5(c). For circularly polarized SR a pronounced asymmetry in the TSS
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intensity is observed in the direction perpendicular to the SR incidence. The use of the opposite circular
polarizations leads to the TSS intensity asymmetry and generated uncompensated spin accumulation
with spin orientation (and corresponding magnetic moment) in opposite k‖-directions. This direction of
the induced magnetic field determines the shift of the DP orthogonally to the SR incidence (kx) that is
confirmed experimentally (see the shift of blue crosses in comparison with the green one). For linear p-
polarization of SR the TSS intensity asymmetry is observed in the direction along the SR incidence. This
leads to a spin accumulation (S) and magnetic field (M) perpendicular to the SR incidence. As a result,
the ky-shift of the DP position is observed in the direction orthogonal to that in the case of a circularly
polarized SR. The measurements at room temperature (Supplementary Fig. 6S) and at 30K at the 9B
beamline HiSOR (Hiroshima, Japan) albeit with a lower intensity of SR (not shown) demonstrate similar
behavior. The value of the k‖-shift of the Dirac cone induced by linearly-polarized SR shown in Fig. 5
(in comparison with the DC position under excitation by circularly polarized SR) can be estimated to
approximately 5−10×10−3 A˚−1 in agreement with the theoretical estimation of the k‖-shift in Fig. 4(b).
Lower value of the k‖-shift of the DP position at room temperature presented in Supplementary Fig. 6S
confirms the calculated temperature dependence of the DP k‖-shift shown in Fig. 4(d). Under excitation
by a circularly polarized SR of opposite chirality the k‖-shift of the DC position is stronger, which is
related to the enhanced TSS intensity asymmetry (see corresponding profiles).
Additionally, the in-plane magnetization induced by a linearly polarized SR can be confirmed by
the k‖-shift of the spin-polarized DC states relative to the non-spin-polarized CB states. (A similar
k‖-shift under applied magnetic field was noted in Ref. [8]). Supplementary Fig. 7S demonstrates that
such k‖-shift is actually observed at different photon energies, and it is important that the direction of
the k‖-shift is related to the observed TSS intensity asymmetry. It is interesting that the value of the
k‖-shift relative to k‖ = 0 can be also estimated to be about 10 × 10−3 A˚−1, which correlates with the
estimations noted above. Moreover, when the sign of the asymmetry changes with photon energy the
DC shifts in the opposite direction. This confirms that the observed shift is really connected with the
TSS intensity asymmetry and the resulting induced in-plane magnetization direction. The k‖-shift of
the DC branches relative the CB states located at k‖ = 0 is also observed in the case of photoexcitation
by laser radiation. In that case the profiles shown in Fig. 3(b) below the ARPES dispersion map (cut at
the energy marked by white line which crosses both DC and CB states) demonstrate non-equal distance
from the left and right side.
As a partial conclusion we have experimentally observed the DP position (kx, ky)-shifts in accord with
the measured asymmetry of TSS intensity confirming that the non-equal depopulation of these states
induces the in-plane magnetic fields under photoexcitation by SR.
Out-of-plane induced magnetization and its experimental confirmation
Let us now discuss the problem of the out-of-plane magnetization induced by linearly polarized SR.
Fig. 6(a) shows the calculated photon energy dependence of the out-of-plane net-spin photocurrent
S(k‖, hν) = I↑(k‖, hν)− I↓(k‖, hν) from the upper DC of Bi2Te2Se with the SR incident along ΓK . The
out-of-plane net-spin-photocurrent integrated over k‖ does not vanish, and its photon energy dependence
is shown in Fig. 6(b). The magnitude and the sign of the integral photocurrent are seen to vary with
the photon energy, which suggests that also the total out-of-plane spin accumulation may be different
for different photon energies. This out-of-plane spin accumulation generates the induced out-of-plane
magnetization that should lift the degeneracy of the TSSs and open the energy gap at the DP due to
the TRS breaking, as in Refs. [14, 52] under circularly polarized SR. Using Eq. 7 one can estimate the
energy gap as ∆ = 2 a˜
2
µB
JeVm
V
z + 2
a˜2
µB
Umz.
Fig. 4(c) shows the calculated temperature dependence of the gap induced at the Dirac point using
the value of the TSS asymmetry of 0.3 (as averaged value taken from the asymmetry values presented
in Fig. 5(a) and Fig. 1(e) at hν = 28 − 30 eV) both for magnetically-doped and for pristine TIs at the
experimental conditions noted above (see Methods for details).
For magnetically-doped TI below 30 K a gap of about 25 meV is expected. As temperature increases
the gap decreases down to 12−15 meV at room temperature. A finite gap above the Curie temperature is
just related to the out-of-plane magnetization generated by SR. In the case of pristine TI a formation of
the gap of 4.5 meV is expected too, independently on temperature. Unfortunately the energy resolution in
our conditions was not high enough to allow the measurement of this small gap value within a reasonable
experimental error.
The experimentally measured in-plane and out-of-plane spin polarization is presented in spin-resolved
spectra in Figs. 7(a,b). The spectra were measured for Bi1.31V0.03Sb0.66Te2Se at the temperature of 23 K
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at the DP by using linear p-polarized SR. The corresponding experimental polarization asymmetry is
plotted in the bottom part of the graphs. The spin orientation was measured along the SR incidence
plane (Geometry 1). The related ARPES intensity map is shown in the inset in the upper central part.
The spin-resolved spectrum in Fig. 7(a) confirms the in-plane spin-polarization of the states in the region
of the DP, which is inverted relative to the DP (see black arrows on the polarization asymmetry). The
observed in-plane polarization along the SR incidence plane is determined by the contribution of the px, py
components in the spin texture. Similar effects are described in Refs. [53, 30]. The generated out-of-plane
polarization is shown in Fig. 7(b). The presented spin-resolved spectrum demonstrates availability of the
spin-polarized states at the Fermi level. We ascribe these states to the V 3d-resonances characterized
by the out-of-plane spin polarization. It is known that for V-doped TIs the maximal intensity of the
V 3d-ion states is located near the Fermi level [54, 20]. The magnetically-doped TIs are characterized
by a colossal anisotropy of the magnetic moment induced at the FM-impurity atoms, which favors the
magnetization perpendicular to the surface. Therefore, the observed out-of-plane spin polarization of
the states near the Fermi level can signify the out-of-plane magnetization of the V 3d-ions.
The SR-induced out-of-plane magnetization can be also experimentally confirmed by the splitting of
the TSSs and opening of the energy gap at the DP both below and above the Curie temperature (see
discussion above). Figs. 7(c,d) demonstrate the spin-integrated spectra measured directly at the DP for
V-doped TIs at the temperatures of 1 K and 66 K, below and above the Curie temperature, respec-
tively (which is below 5-10 K), in comparison with that measured for pristine TI at room temperature
– Fig. 7(e). The relevant ARPES intensity maps are presented above each spectrum to show the DP
positions. The fitting procedures for the spectra measured for V-doped TIs (Figs. 7(c,d)) show a decom-
position into two spectral components with the energy splitting of about 20-25 meV at the DP below and
above the Curie temperature. The width of the components was chosen in accord with the width of the
TSS peaks outside the DP extracted from the ARPES intensity maps. The splitting into two components
for the states at the DP above the Curie temperature (when a spontaneous magnetic order is destroyed)
allows us to conclude that the out-of-plane magnetization is induced by SR. The spectra for other TIs
presented in Supplementary Fig. 8S demonstrate similar behavior with the splitting of the TSSs at the
DP. At the same time, the spectra measured at the DP for pristine TI (Fig. 7(e) and Supplementary
Fig. 8S) do not show a noticeable splitting at the DP. The fitting procedure for these spectra shows only
a one-component structure. The splitting of 4.5 meV predicted by theoretical estimations for pristine TI
(Fig. 4(b)), is not resolved in our experiment. Thus, for TI without magnetic doping the photoexcitation
by SR does not lead to a noticeable out-of-plane magnetization. Therefore, one can conclude that the
splitting of the states at the DP in magnetically doped TIs can actually be an indicator of the induced
out-of-plane magnetization generated by the linearly-polarized SR.
In summary, we have demonstrated that the asymmetry of the DC states with opposite spin
orientation in photoexcitation by p-polarized SR is accompanied in pristine and magnetically-doped TIs
by an uncompensated spin accumulation of the generated holes in the initial states. This leads to the
in-plane and out-of-plane polarization of the TSSs and the V 3d-ions and corresponding magnetization
via the spin-torque effect. Experimentally it is indicated by spin-resolved PE spectra and is confirmed
by the k‖-shift of the DC position under the induced in-plane magnetic field and by the splitting of
the TSSs at the DP induced by the out-of-plane component of magnetization even above the Curie
temperature. The laser pump-probe experiment has shown that the difference in depopulation of the
opposite branches of the DC states is practically not changed during the relaxation process. It allows
to conclude that the SR-induced magnetization can be roughly estimated using the asymmetry in the
intensity of the TSSs in PE spectra. Theoretical estimations have confirmed a possibility of the induced
in-plane and out-of-plane magnetization by linearly polarized SR.
This finding should be taken into account in PE investigations of systems with helical spin structure,
especially for magnetically-doped TIs, where the PE process can influences the spin structure in the
ground state depending on photon energy and experimental details.
Methods
The measurements of ARPES intensity maps for the DC states in pristine and magnetically-doped TIs
presented in Fig. 1 and Supplementary Figs. 1S–3S were carried out at i3 beamline at MAXlab (Lund,
Sweden) and BaDEIPh beamline at Elettra (Trieste, Italy) in the direction along the SR incidence plane
(Geometry 1 in Fig. 8) and 12 end station at BESSY II (Helmholtz-Zentrum Berlin, Germany) in the
direction perpendicular to the SR incidence plane (Geometry 2 in Fig. 8) using a Scienta R4000 or
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SPECS Phoibos 150 analyzers. The incidence angle of SR for these experiments was 73◦ (MAXlab) and
50◦ (Elettra and BESSY II) relative to the surface normal.
The spin-resolved photoemission spectra for V-doped TIs were measured at the COPHEE setup at
Swiss Light Source, Switzerland (Figs. 7(a,b)) and at the i3 beamline at MAXlab, Sweden (Supplementary
Fig. 8S) with the spin orientation along the plane of the SR. The spin-resolved photoemission spectra
were measured both for the in-plane and for the out-of-plane spin orientation. To increase the intensity
of the TSSs in the region of the DP we used a photon energy range of 28-30 eV. For other photon energies
the relative contribution of the DC states in the region of the DP is reduced. The SR incidence angle
for these experiments was 45◦ and 73◦.
The DC energy cut maps of the TSSs for Bi1.37V0.03Sb0.6Te2Se (Fig. 5 and Supplementary Fig. 6S)
were measured at 12 station at BESSY II (Helmholtz-Zentrum Berlin, Germany) with a photon energy
of 28 eV keeping the sample at the temperature of 55K and room temperature, respectively. The SR
incidence angle was 50◦.
The ARPES dispersion maps for magnetically-doped TIs, which were used for careful estimation of
the splitting of the TSSs at the DP (Fig. 7) were measured at i3 beamline at MAXlab (Lund, Sweden), at
the 9B beamline at HiSOR (Hiroshima, Japan) in the direction along the SR incidence plane (Geometry
1) and at 13 station at BESSY II (Helmholtz-Zentrum Berlin, Germany) in the direction perpendicular
the plane of the SR incidence (Geometry 2). The SR incidence angle was 45◦ relative to the surface
normal.
The time-resolved pump-probe laser experiment (Fig. 3) was carried out in ISSP at Tokyo University
(Japan) for V-doped TI with stoichiometry Bi1.97V0.03Te2.4Se0.6. Time-resolved photoemission appara-
tus achieving sub-20-meV energy resolution and high stability was used, see details in Ref. [55]. The
probe pulse was linearly p-polarized and with a photon energy of 5.9 eV. The pump pulse was s-polarized
with hν=1.48 eV. Geometry of the experiment is presented in Supplementary Fig. 4S. The laser beam
incidence angle was 45◦ relative to the surface normal.
Part of work was carried out in the resource center “Physical methods of surface investigation”
(PMSI) of Research park of Saint Petersburg State University.
The single crystals of pristine TIs Bi1.5Sb0.5Te1.8Se1.2, Bi2Te2Se and Bi1.4Sb0.6Te2Se, and magnetically-
doped TIs Bi1.37V0.03Sb0.6Te2Se, Bi1.3V0.04Sb0.66Te2Se, and Bi1.97V0.03Te2.4Se0.6 were synthesized by
using a modified vertical Bridgman method [56]. Clean surfaces of the TIs were obtained by a cleavage
in ultrahigh vacuum. The base pressure during the experiments was better than 1× 10−10 mbar.
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Figure 1: Lines (a,b,c) – series of ARPES intensity maps of the TSSs measured along the SR incidence
plane (ΓK ) (Geometry 1) for pristine TIs with stoichiometry Bi1.5Sb0.5Te1.8Se1.2, Bi2Te2Se and for
V-doped TIs with stoichiometry Bi1.37V0.03Sb0.6Te2Se, accordingly, by using linear p-polarized SR at
different photon energy. The profiles of comparable intensities of the TSSs with opposite momenta cut
at the energy corresponding to enhanced intensity (marked by horizontal white lines) are presented at
the bottom of each insets. (d,e) – The TSS intensity asymmetry (A) trend vs photon energy estimated
from the ARPES intensity maps presented in lines (a,b,c) and Supplementary Figs. 1S, 2S measured
along ΓK and ΓM directions of the Brillouin zone. (g) – Similar ARPES intensity maps measured in
the direction perpendicular to the SR incidence plane (Geometry 2) for pristine TIs with stoichiometry
Bi1.5Sb0.5Te1.8Se1.2 and (f) – corresponding variation of the TSS intensity asymmetry (A).
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Figure 2: (a-f) Calculated energy-momentum distribution of the photoemission intensity from the DC
surface states along Γ¯K¯ (a-c) and along Γ¯M¯ (d-f) for the three photon energies: hν = 16 (a,d), 21 (b,e),
and 18 eV (c,f). In all cases a p-polarized light is incident along Γ¯K¯ at an angle of θ = 73◦. (g,h) Photon
energy dependence of the total intensity from the upper Dirac cone integrated over negative k‖ (Ileft,
full circles) and positive k‖ (Iright, open circles) for k‖ along Γ¯K¯ (g) and along Γ¯M¯ (h). (i,j) Normalized
difference between the integrated intensities in the opposite directions, [Ileft(hν)− Iright(hν)]/[Ileft(hν)+
Iright(hν)] for two angles of incidence, θ = 50 and 73
◦. In graph (i) the light incidence plane is parallel
to k‖ (both for Γ¯K¯ and for Γ¯M¯), and in graph (j) it is perpendicular to k‖ (Γ¯M¯).
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Figure 3: (a) – Time-resolved ARPES maps measured by laser pump-probe experiment for
Bi1.97V0.03Te2.4Se0.6 at 11 K by using p-polarized probe pulse (hν=5.9 eV) and s-polarized pump pulse
(hν=1.48 eV). The delay time between pump and probe pulses is shown below the ARPES maps. In the
bottom line the time-resolved TSS intensity profiles cut at the energy close to the CB states is shown.
(b) – k‖-shift of the ARPES dispersion map measured by using p-polarized probe pulse relative to the
CB states located at the Fermi level at k‖ = 0. Schematic presentation of the k‖-shift is shown in inset.
Below the ARPES map the corresponding profile of the intensities of the TSSs and CB states confirming
the k‖-shift of the DC states due to induced in-plane magnetic field is shown.
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Figure 4: (a) – Calculated dependence of the in-plane component of a total SR-induced magnetization
vs the asymmetry in the hole-generation with opposite spins (A) for different temperatures between 1
and 300 K. (b) – Modification of the DC state dispersions obtained at crossing by the plane (kx=0) which
indicate the influence of the out-of-plane and in-plane components of induced magnetization (opening
the gap at the DP and the kx-shift of the DC states). (c,d) – Calculated temperature dependences of the
energy gap at the DP due to the out-of-plane component of the induced magnetization for magnetically-
doped and pristine TIs and corresponding k‖-shift of the DP relative to k‖ = 0 in the direction orthogonal
to the magnetization as a function of temperature.
15
Figure 5: The (kx, ky)-projections of the DC state maps cut at the energy near the Fermi level – (a) and
at the DP – (b) measured at 55 K for Bi1.37V0.03Sb0.6Te2Se with different polarization of SR. Below and
on the right side of the maps the corresponding profiles of the TSS intensity showing the distribution of
the TSS intensity along kx and ky are presented. A pronounced asymmetry in the TSS intensity which
is a source for the corresponding uncompensated spin accumulation is visible for different polarization
of SR. Line (b) shows the (kx, ky)-shift of the DP positions using linearly p-polarized SR (marked by
green crosses) and opposite circularly-polarized SR (blue crosses) under induced in-plane magnetization
generated by SR. Line (c) – schematic presentations of the relation of the asymmetry in the TSS intensity,
the directions of the induced uncompensated spin accumulation (S) and the in-plane magnetization (M)
and the directions of the (kx, ky)-shift of the DC position due to induced magnetization.
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Figure 6: (a) Calculated photon-energy dependence of the k‖-distribution S(k‖, hν) of the net out-of-
plane spin in photoelectrons excited by a p-polarized SR along the SR incidence plane (ΓK ) from the
upper DC of Bi2Te2Se for hν from 5 to 31 eV. (b) Photon energy dependence of the net out-of-plane
spin integrated over k‖ from −0.12 to 0.12 A˚−1 along ΓK .
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Figure 7: (a,b) – In-plane and out-of-plane spin-resolved PE spectra measured at the DP for
Bi1.31V0.03Sb0.66Te2Se at a temperature of 23 K and a photon energy hν = 30 eV using linear p-polarized
SR. Corresponding experimental asymmetries for opposite spin polarization including the experimental
uncertainty for each point of the measurements are shown below the spin-resolved spectra. (c-e): Upper
– ARPES intensity maps measured for V-doped – (c,d) and pristine – (e) TIs at different temperatures
and photon energies 28 and 30 eV. Bottom – corresponding spectra measured at the DP and the result
of the fitting procedure with decomposition on spectral components.
Figure 1M 8: METHODS Section. Schematic presentation of the ARPES measurement geometries
with the analyzer slit oriented along (Geometry 1) and perpendicular (Geometry 2) to the of SR incidence
plane.
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